Abstract-In the present study, we investigated the electrophysiological maturation and integration of immature cardiomyocytes after transplantation; maturation and integration are essential to achieve the cardiac regeneration. Murine fetal cardiomyocytes (FCMs) (d12.5-d15.5) expressing enhanced green fluorescent protein under the control of the ␣-actin promoter were injected into cryoinjured areas and adjacent myocardium of cryoinjured mouse ventricles. 
A cute myocardial infarction and chronic heart failure are among the most frequent causes of morbidity and mortality in Western countries. In the course of physiological reparation processes, cardiomyocytes lost because of myocardial infarction are replaced by scar tissue, leading to an impaired cardiac function and remodeling of the remaining myocardium. Despite advances in the conventional therapy, this loss of functional myocardium remains irreversible. Thus, there is a strong need for a novel therapeutic approach aiming at a regeneration of cardiomyocytes: cardiac cell therapy.
Cardiomyocytes derived from embryonic stem cells (ESCCMs) are promising candidates for cell therapy via an exogenic replacement of lost cardiomyocytes, because their cardiac phenotype, including cardiac specific protein expression as well as typical cardiac electrophysiological properties, is undoubted. 1 Clinical studies using ESC-CMs have not been performed, because, first, techniques enabling the production and selection of sufficient cell numbers must be developed and potential risks and immunological issues must be investigated in animal studies. Besides studies in rodent models, 2, 3 ESC-CMs have been injected in infarcted sheep hearts, leading to a significant improvement of the left ventricular ejection fraction as compared with sham-operated animals. 4 The capability of ESC-CMs to form gap junctions and to couple electrically to cardiomyocytes of another origin has been demonstrated by in vitro coculture studies. 5, 6 Because cardiac tissue structure and microenvironment cannot be simulated completely using dissociated cells in vitro, coculture models may not necessarily be fully representative for the in vivo situation. In an animal model of atrioventricular block, ESC-CMs injected into the left ventricular wall constituted ectopic pacemakers, ie, integrated electrically, at the sites of injection, 5, 6 which was demonstrated by 2D mapping of excitation spread. However, there is no information about the functional integration of ESC-CMs transplanted in in-farcted or healthy hearts with a sinus rhythm and about changes of the electrophysiological properties of ESC-CMs after transplantation.
Using dissociated murine fetal cardiomyocytes (FCMs) expressing enhanced green fluorescent protein (eGFP), which can be obtained more easily than ESC-CMs and have comparable electrophysiological properties, 7 Rubart et al showed an electrical integration after transplantation into healthy murine hearts by imaging Ca 2ϩ transients with a 2-photon molecular excitation laser-scanning microscope. 8 The quality of electrical integration, eg, the occurrence of conduction decelerations or blocks, and the electrophysiological maturation of the transplanted FCMs were not investigated.
The electrophysiological maturation of cardiomyocytes after transplantation was studied by Roell et al 9 using cryoinjury as a model for myocardial infarction. Roell et al dissociated cryoinjured hearts at different time points after injection of eGFP-positive FCMs and performed current clamp recordings, which revealed a fetal action potential (AP) shape in early postoperation FCMs and an adult-like shape at a later date. Because hearts were dissociated before the measurements, no information about the electrical integration of the studied cardiomyocytes or microenvironmental conditions promoting the AP maturation was achieved.
Until now, although the capability to establish an electrical coupling with host cells has been demonstrated for transplanted cardiomyocytes, there are no data about the quality of electrical integration and about microenvironmental conditions required for the electrophysiological maturation of transplanted cells. Recently we developed a novel technique to prepare viable ventricular slices, 10 which was applied in the present study to obtain new information about the electrophysiological maturation and integration of FCMs with regard to influences of the site of transplantation (cryoinjured tissue or adjacent myocardium). Understanding these mechanisms of cardiac cell therapy will provide a basis for future experiments involving specific modulations of cellular differentiation and function before transplantation, which will help to optimize the therapeutic efficiency as well as the safety of cardiac cell therapy.
Materials and Methods

Harvesting of FCMs
Ventricles were harvested from 12.5-to 15.5-day-old fetuses of transgenic HIM:OF1 mice expressing eGFP under control of the ␣-actin promoter. 11 Cells were dissociated and resuspended in DMEM supplemented with 20% FCS (Gibco/Invitrogen) at a concentration of 45 000 cells/L. Subsequently, cells were either transplanted or cultivated for 6 days for control AP recordings.
Operation, Cell Injection, and Injection of Dyed Microspheres
Adult male HIM:OF1 wild-type mice were used as recipients. The surgical procedure and the induction of the cryoinjury were performed as described. 9 Cells were injected subsequent to the induction of the cryoinjury in the cryoinjured area (450 000 cells/10 L) and the adjacent myocardium (another 450 000 cells/10 L). Shamoperated control mice were treated in the same way, but instead of the cell suspension, dyed microspheres (10 m diameter, blue CML polystyrene latex, Molecular Probes/Invitrogen) dissolved in DMEM plus 20% FCS were injected in the cryoinjured area (450 000 microspheres/10 L) and the adjacent myocardium (another 450 000 microspheres/10 L). All experiments were approved by the local animal welfare committee.
Preparation of Ventricular Slices
Ventricular slices of operated animals were prepared 5 to 6 days after transplantation as described. 10, 12 
AP Recordings
Slices were examined on an inverted fluorescence microscope (Axiovert 200; Zeiss, Oberkochen, Germany), enabling the identification of eGFP-positive FCMs, which allowed an exact positioning of electrodes for recording and stimulation. A defined beating frequency was applied using a unipolar stimulation electrode, which was placed in healthy recipient tissue as indicated in the figure. Intracellular AP recordings were performed in host tissue or areas of transplanted FCMs as indicated using conventional glass microelectrodes.
Because electrical excitation originated from healthy host tissue, we determined the temporal interdependency of stimulation artifacts and APs recorded intracellularly in transplanted FCMs as an indicator of an electrical integration. FCMs were considered not to be electrically integrated if there was no temporal interdependency of stimulation artifacts and (spontaneous) APs or if there were no APs but a stable resting membrane potential. As a matter of course, a 1:1 synchronicity of stimulation artifacts and contractions of healthy host tissue observed in the microscope was a precondition for the valuation as conduction block or lack of electrical integration.
Dye Injection
To specifically label the FCMs in which AP recordings were performed, the gap junction impermeable fluorescent dye tetramethylrhodamine dextran (M r 10 000; Molecular Probes) was injected by iontophoresis via the recording electrode. For these experiments, electrodes were filled with 1% tetramethylrhodamine dextran dissolved in 0.2 mol/L KCl. Before the extraction of the electrode from the cell, a depolarizing direct current was applied (2 nA, 2 to 5 minutes). After the measurements, eGFP and tetramethylrhodamine fluorescence of FCMs were examined within the viable slices with a fluorescence microscope, which allowed optical sectioning by means of the grid projection technique (Axiovert 200M with ApoTome; Zeiss).
An expanded Materials and Methods section is available in the online data supplement at http://circres.ahajournals.org.
Results
Microscopy of Slices: Structural Integration and Viability of Transplanted FCMs
Microscopic examinations of viable slices of recipient ventricles showed the structural integration of transplanted cells, which could be clearly identified on the basis of their green fluorescence (Figure 1 ), in both healthy and cryoinjured myocardium. The engraftment of FCMs was verified by immunostainings ( Figure I in the online data supplement) showing eGFP-and ␣-actinin-positive cells, which were much smaller in comparison with eGFP-negative host cardiomyocytes. No differences in FCM morphology were found between cells embedded within healthy and cryoinjured myocardium. Background fluorescence of host tissue, which was assessed in slices of sham-operated hearts, was negligibly small, and no areas of intensified green fluorescence were observed.
Cryoinjured regions within the slices could be distinguished from vital host tissue by a changed tissue structure ( Figure 1 and supplemental Figure II) . Whereas vital tissue possessed a striated texture representing the alignment of adult cardiomyocytes, cryoinjured tissue could be identified by a more homogenous nonstriated texture. The identification of cryoinjured tissue by its characteristic texture was confirmed by immunostaining of ␣-actinin, which was absent in cryoinjured regions (supplemental Figure II) .
To evaluate the expression of gap junctions, which are the structural correlative of an electrical coupling, connexin 43 immunostainings were made. Connexin 43 expression was found between FCMs, between FCMs and host cardiomyocytes, and between host cardiomyocytes ( Figure 2 and supplemental Figure III ). It was also observed that nonmyocytes were interposed between FCMs and host cardiomyocytes at sites of connexin 43 expression.
Viability and functional integration of transplanted FCMs within the slices could be evaluated by microscopy because occasional conduction blocks or spontaneous beats enabled a distinction of active contractions and passive movements. Beating of transplanted FCMs could be observed in healthy as well as cryoinjured regions. In slices of sham-operated hearts, no beating was observed in cryoinjured areas (15 slices of 4 hearts).
AP Recordings: AP Morphology of Transplanted FCMs and Adult Cardiomyocytes
For the evaluation of electrophysiological properties of transplanted FCMs, it was crucial to reliably impale FCMs. Because of the small thickness of the slices (150 m), the tip of the electrode was visible through the slices, which facilitated the exact positioning of the electrode. To verify the specific impalement of FCMs, injections of tetramethylrhodamine dextran were performed subsequent to AP recordings (nϭ5). Optical sections of the areas in which measurements were made demonstrated a colocalized eGFP and rhodamine fluorescence of single FCMs ( Figure 3 ). Intracellular AP recordings demonstrated the existence of viable and electrophysiologically intact transplanted FCMs, either surrounded by cryoinjured tissue (Figure 4 ) or connected to viable host myocardium ( Figures 5 and 6 ). AP shape was dominated by the absence of phase 1 repolarization and the existence of a plateau phase, which is typical for FCMs and was not found in host tissue. The ratio of AP duration at 50% repolarization (APD 50 ) versus AP duration at 90% repolarization (APD 90 ) (APD 50/90 ratio; expressed as percentage), which was calculated to quantify the course of repolarization (see the expanded Materials and Methods section in the online data supplement) was approximately 50% in FCMs (Table) . In contrast, APs of host cardiomyocytes showed an intense phase 1 repolarization (APD 50/90 ratio of 10% to 20%), which is characteristic for adult murine APs.
Early afterdepolarizations, which might indicate an impaired electrophysiology and a potential proarrhythmic risk, were observed in transplanted FCMs in 4 of 53 recordings. Delayed afterdepolarizations were not observed.
To exclude the occurrence of fetal-like AP morphologies in host cardiomyocytes caused by cryoinjury and injection, control recordings in slices of sham-operated hearts (injection of dyed microspheres) were performed at the border zone of the cryoinjured area and in regions of injected microspheres (52 recordings in 19 slices of 4 hearts). Within the cryoinjury, no APs could be recorded at all. Both at the border zone of the cryoinjured area and in regions of injected microspheres, nonphysiological AP morphologies (25 recordings in 13 slices of 3 hearts), but no fetal-like APs, were found. APs of injured adult cardiomyocytes were characterized by spontaneous diastolic depolarizations as well as a low maximal diastolic potential, amplitude, and maximal upstroke velocity (V max ; Table) . APD 50 and APD 50/90 ratio of injured adult cardiomyocytes were significantly different from characteristic fetal parameters (supplemental Table I ).
AP Recordings: Electrical Integration of Transplanted FCMs
When transplanted cells were surrounded by cryoinjured tissue, an electrical integration was never found; ie, there was no temporal interdependency of stimulation artifacts (stimulation electrode placed in healthy host tissue) and APs recorded in areas of transplanted cells (Figure 4 ). Therefore these APs must be considered spontaneous. Occasionally, there were no APs but stable resting membrane potentials. In all cases, a temporal interdependency of stimuli and contractions of healthy host myocardium was confirmed by microscopy.
The capability of transplanted FCMs to integrate electrically into host myocardium was approved by multiple measurements showing a temporal interdependency of stimulation artifacts and APs of transplanted cells (Figures 5 and 6) . A structural connection to viable host tissue was a precondition for an electrical integration of transplanted cells. Eightytwo percent of FCMs that were embedded in viable host myocardium were electrically integrated. The temporal interdependency of stimulation artifacts and APs of FCMs remained when contractions were inhibited by 30 mmol/L 2,3-butanedione monoxime (data not shown), indicating that excitation of transplanted cells was not stretch dependent but mediated by electrical coupling. Correspondingly, gap junction uncoupling by heptanol (see below) completely blocked the excitation of FCMs.
By increasing the stimulation frequency up to 10 Hz, the maximal frequency leading to a stable 1:1 coupling and excitation of transplanted FCMs was determined and varied between 1 and 10 Hz ( Figure 7A ). Above the maximal frequency, either sporadic or regular (eg, 2:1, 3:2) failures of excitation of FCMs occurred ( Figure 6 ). The failures of excitation appeared despite a complete repolarization of the membrane potential, and AP frequencies of up to 10 Hz could be evoked in these transplanted FCMs by intracellular stimulation via the recording electrode (nϭ8; supplemental Figure IV) . Hence, an insufficient conduction, rather than refractoriness, caused the failures of excitation of FCMs. Therefore, the maximal frequency can be considered to be an indicator of the quality of electrical integration. In healthy host tissue, the maximal frequency was generally 10 Hz and a constant 1:1 beating persisted, whereas conduction blocks were recorded in regions of transplanted cells.
AP Recordings: Maturation of AP Properties of Transplanted FCMs
To evaluate the effect of an electrical integration on the maturation of AP properties of transplanted FCMs, V max , APD 50 , APD 90 , maximal diastolic potential, and amplitude were determined for nonintegrated and well integrated FCMs (maximal stimulation frequency leading to a 1:1 excitation of transplanted FCMs, Ͼ2 Hz) ( Figure 7B and the Table) . As controls, APs of healthy host cardiomyocytes (within slices of operated hearts), injured adult cardiomyocytes (within slices of sham-operated hearts), and dissociated FCMs, which were cultivated for 6 days, were recorded. The stimulation frequency of host cardiomyocytes, injured adult cardiomyocytes, and well-integrated FCMs included in the analysis was 2 Hz; nonintegrated and cultivated FCMs had a comparable spontaneous frequency of 2.2Ϯ0.4 Hz and 2.5Ϯ0.2 Hz.
APs of healthy recipient cardiomyocytes possessed characteristic properties of murine adult cardiomyocytes, ie, a high maximal diastolic potential, amplitude, and V max , as well as a short APD 50 and APD 90 . In contrast, APs of cultivated FCMs had a significantly (all PϽ0.001) lower maximal diastolic potential, amplitude, and V max , as well as a longer APD 50 and APD 90 . Parameters of nonintegrated transplanted FCMs showed no statistical differences in comparison with cultivated FCMs (all PϾ0.05; see supplemental Table I for exact probability values). In contrast, well-integrated transplanted FCMs had a significantly higher maximal diastolic potential, amplitude, and V max , as well as a shorter APD 50 and APD 90 (all PϽ0.001). However, maximal diastolic potential, V max , APD 50 , and APD 90 of well-integrated FCMs still differed significantly from values of adult host cardiomyocytes.
To test whether the changes in AP morphology of well-integrated FCMs were caused by an electrophysiological maturation of FCMs, or rather imposed by electrically coupled adult cardiomyocytes, well-integrated FCMs were experimentally uncoupled by 2 mmol/L heptanol (nϭ6; supplemental Figure V) . Heptanol completely abolished the electrical integration of previously well-integrated Although well-integrated FCMs had a significantly shorter APD 50 and APD 90 as well as a higher V max , amplitude, and maximal diastolic potential compared with nonintegrated or cultivated FCMs, a distinct plateau phase was detectable in all types of FCMs, which was in clear contrast to healthy or injured adult cardiomyocytes. The APD 50/90 ratio, which was calculated to quantify the presence of a plateau phase, showed no significant differences among well-integrated, nonintegrated, and cultivated FCMs but was more than 2-fold higher compared with healthy or injured adult cardiomyocytes. Hence, the The data are meansϮSEM. Corresponding P values are tabulated in supplemental Table I .
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APD 50/90 ratio reliably enabled the discrimination of fetal and adult cardiomyocytes.
Discussion
In the present study, we investigated the electrophysiological maturation and integration of FCMs transplanted in vivo in viable or cryoinjured myocardium. For the first time, a novel slice technique 10 was used throughout this study, which enabled us to directly assess the quality of electrical integration, eg, the occurrence of conduction blocks at high stimulation frequencies, as well as influences of the site of transplantation (cryoinjured tissue or adjacent myocardium) on electrophysiological properties of the transplanted cells. It could be demonstrated that transplanted FCMs integrated electrically and developed more mature AP properties only if the cells were embedded in viable host myocardium.
Slice Technique
Ventricular slices are a representative model of cardiac tissue with preserved in vivo structure, which possesses intact electrophysiological properties at the single-cell level as well as a homogenous excitation spread at the tissue level. 10, 12 Thus, electrical coupling and electrophysiological properties of transplanted cells within ventricular slices are likely to be representative of the in vivo situation at the time of preparation. However, the small thickness of the slices limits the evaluation of cellular interactions in the third dimension and their potential influences on electrical coupling as well as electrophysiological properties of individual cells. It was crucial for the evaluation of integration and maturation to ensure that FCMs were reliably impaled. The reliability of the measurements was verified by control measurements in slices of sham-operated hearts, which did not reveal any fetal-like APs. Moreover, tetramethylrhodamine dextran injections through the recording electrode resulted in a colocalized eGFP and rhodamine fluorescence, confirming the reliable impalement of FCMs.
Electrical Integration of Transplanted FCMs
Until now, cell transplantation studies mostly focused on evaluations of global cardiac function and histology. Only few in vitro and in vivo studies dealt with the electrical integration of transplanted cardiomyocytes, 5, 6, 8 which is a fundamental mechanism of cardiac cell replacement. These studies demonstrated the capability of different types of cardiomyocytes (ESC-CMs and FCMs) to build gap junctions and to establish electrical couplings with recipient cardiomyocytes. However, to date, there has been no investigation of the quality of electrical integration with regard to conduction insufficiencies and of the impact of microenvironmental conditions on electrophysiological properties of transplanted cardiomyocytes.
Corresponding to previous findings of Rubart et al, 8 electrical couplings of adult cardiomyocytes and FCMs after transplantation were confirmed in this study by functional and immunohistological investigations. Whereas hearts between 8 and 37 days after transplantation were investigated in the former study with a maximal stimulation frequency of 4 Hz, we demonstrated that the electrical integration can be sufficient as soon as 5 to 6 days after transplantation, even when challenged by high stimulation frequencies of up to 10 Hz. However, we observed conduction blocks in a number of slice preparations, thus an arrhythmogenic potential of transplanted FCMs must be taken into consideration. These blocks were likely located at the host-donor interphase, because no conduction blocks within the host tissue were observed, neither at more proximal nor at more distal sites of the path of excitation spread. However, detailed electrical mapping would be required to verify this assumption. Besides conduction blocks, we occasionally found early afterdepolarizations in FCMs, which might also bear a proarrhythmic risk. Telemetric Holter ECG recordings in mice, which underwent a transplantation of FCMs after induction of cryoinjury (nϭ3) (unpublished data, 2006), showed a physiological rhythmicity on the whole-heart level. Recordings from 1 day before to 5 days after transplantation did not reveal any ventricular tachycardias. ECG recordings performed 12 weeks after transplantation of ESC-CMs in infarcted rat hearts 2 also provided no evidence of proarrhythmia.
As a structural basis for an electrical integration, connexin 43 was detected between FCMs and host cardiomyocytes. Furthermore, nonmyocytes were found to be interposed between FCMs and host cardiomyocytes at sites of connexin 43 expression. It is known that nonmyocytes are able to build electrical couplings with cardiomyocytes and that excitation spread through areas of nonmyocytes is possible. 13 Thus, in addition to a direct coupling of transplanted and host cardiomyocytes, nonmyocytes may have contributed to the electrical integration of transplanted FCMs in the present study.
The electrical integration of transplanted FCMs required an embedment in viable host tissue. When transplanted cells were surrounded by cryoinjured tissue, an electrical integration was never observed. In this case, which was not investigated before, most FCMs had a spontaneous electrical and contractile activity. Electrophysiological properties of these cells matched those of dissociated FCMs in culture; ie, functionality of FCMs surrounded by cryoinjured tissue is probably maintained. These functional findings correspond well to histological evidence for the structural integrity of cardiomyocytes transplanted in infarcted hearts. 9, 14 Electrical integration was investigated 5 to 6 days after transplantation; thus, repair of the cryoinjury and cardiac remodeling were still in progress, and transplanted FCMs did not have much time to develop mature intercalated discs. According to findings of Reinecke et al, 15 neonatal rat cardiomyocytes grafted into cryoinjured hearts express connexin 43 in a scattered distribution at day 6, whereas connexin 43 is arranged in intercalated discs at 8 weeks. However, contact between transplanted cardiomyocytes and host cells is reduced at 8 weeks as compared with 6 days because of scar tissue formation. Therefore, further investigations are required to determine whether the quality of electrical integration would ameliorate over time because of maturation of intercalated discs or would deteriorate because of scar formation.
Electrophysiological Maturation of Transplanted FCMs
Although FCMs located within the cryoinjured tissue showed no differences of AP properties as compared with cultured FCMs, well-integrated FCMs underwent a significant shortening of APD 50 and APD 90 and an increase of V max , amplitude, and maximal diastolic potential, matching electrophysiological properties of more mature murine cardiomyocytes. 16 The shorter APD 50 and APD 90 as well as a stable resting membrane potential persisted after uncoupling of previously wellintegrated FCMs by heptanol, pointing to a maturation of electrophysiological properties, ie, an altered expression of ionic channels, rather than a faster repolarization and stabilization of the membrane potential imposed by electrically coupled adult cardiomyocytes. 17 Local electrotonic interactions may have influenced APs of well-integrated FCMs after gap junction uncoupling in the present study. However, a shortening of APs of transplanted FCMs was also found by Roell et al, 9 who performed current-clamp recordings in FCMs obtained by dissociation of whole recipient hearts 11 days after operation, ie, in the absence of electrotonic interactions. These findings support the electrophysiological maturation of FCMs demonstrated in the present study. Because the location of FCMs before dissociation could not be determined by Roell et al, no conclusions regarding site-specific effects of cryoinjured or viable host tissue on the maturation could be drawn. Considering our findings, the measurements of Roell et al were most likely made in FCMs that were embedded in viable host myocardium before dissociation.
The observed changes of the AP morphology of wellintegrated FCMs correspond well to perinatal morphological alterations of APs of native rodent cardiomyocytes, which are predominantly mediated by an increase of transient outward K ϩ current. 16 Further investigations, including gene and protein expression analyses of transplanted FCMs, are required to reveal the exact molecular alterations underlying the observed AP maturation of well-integrated transplanted FCMs and to draw a comparison with the native electrophysiological maturation.
It should be noted that AP properties of well-integrated FCMs were still significantly different from those of host cardiomyocytes. We hypothesize that further maturation might be observed when measurements are done at later times than those applied in the present study (5 to 6 days after transplantation).
The fact that the electrophysiological maturation was found in FCMs embedded in viable host myocardium but not in FCMs surrounded by cryoinjured tissue argues against an exclusive regulation of maturation by soluble and diffusible cytokines. Instead, a direct structural contact to viable myocardium, ie, a niche provided by intact cardiac tissue, is presumably essential for the maturation of transplanted immature cardiomyocytes. Elements of this niche might include an electrical coupling via gap junctions, nonelectrical direct cell-cell interactions, specific components of the extracellular matrix, or mechanical exercise. Future studies involving the transplantation of genetically modified cardiomyocytes, eg, FCMs of connexin-deficient mice, will be needed to further elucidate the constituents of this maturation niche and to optimize the conditions for an effective and safe cell replacement. It is not possible for FCMs to be used for cell replacement in patients; instead, they could serve as a model for ESC-CMs. Although electrophysiological properties of FCMs and ESC-CMs are comparable, 7 it cannot be excluded that ESC-CMs behave differently, in some way, after transplantation. Therefore, future studies of integration and maturation of transplanted cardiomyocytes should also include ESC-CMs.
In conclusion, we demonstrate, for the first time, that a high degree of electrophysiological maturation and integration of transplanted FCMs is already achievable 5 to 6 days after transplantation. Electrophysiological maturation and integration, which are elementary mechanisms of a successful cell replacement, strongly depend on an embedment of transplanted cells in viable host myocardium.
